When the occupant density of buildings is large enough, evacuees are prone to congestion during emergency evacuation, which leads to the extension of the overall escape time. Especially for multi-exit buildings, it's a challenging problem to afford an effective evacuation plan. In this paper, a novel evacuation planning algorithm applied to multi-exit buildings is proposed, which is based on an indoor route network model. Firstly, evacuees are grouped by their location proximity, then all groups are approximately equally classified into several evacuation zones, each of which has only one safe exit. After that, all evacuation groups in the same zone are sorted by their shortest path length, then the time window of each evacuation group occupying the safe exit is calculated in turn. In the case of congestion at the safe exit, the departure time of each evacuation group is delayed in its arrival order. The objectives of the proposed algorithm include minimizing the total evacuation time of all evacuees, the travel time of each evacuee, avoiding traffic congestion, balancing traffic loads among different exits, and achieving high computational efficiency. Case studies are conducted to examine the performance of our algorithm. The influences of group number, group size, evacuation speed on the total evacuation time are discussed on a single-exit network, and that of partitioning methods and evacuation density on the performance and applicability in different congestion levels are also discussed on a multi-exit network. Results demonstrate that our algorithm has a higher efficiency and performs better for evacuations with a large occupant density.
Introduction
With the rapid development of urban construction and building technology, more and more large buildings have been built in cities, and their internal structures are increasingly complex. When an emergency or disaster occurs inside the buildings, their complex internal structure makes it difficult for indoor occupants to evacuate as quickly as a disaster occurs outside, which leads to frequent tragedies. It is critical for emergency rescuers and evacuees to plan an effective emergency evacuation plan [1] . The reason for this is that the plan can not only provide a reasonable escape path for evacuees in the event of a disaster, but also provide a basis for rescuers to make a rescue plan. Additionally, it can also provide reasonable suggestions for the layout of fire control facilities and the design of escape routes inside the buildings [2, 3] .
Related Work
From the perspective of implementation, Li et al. classify evacuation plans into two major types: spontaneous evacuation plans and organized evacuation plans [2] . The former is carried out by controlling the evacuation infrastructure (e.g., fire emergency lighting and dispersal indicator) while evacuees move spontaneously but are guided by the infrastructure. The latter is realized by controlling evacuees including their departure time, routes to safe exits, and so on. Each type of evacuation plans is applicable to a particular scenario.
Regarding spontaneous evacuation plans, many simulation models have been put forward to analyze the significant factors or parameters that influence the evacuation process or can be used in evaluating the evacuation performance under different scenarios and strategies. Existing typical models include network flow based models [4] , cellular-automata (CA) models [5, 6] , agent-based models [7] [8] [9] , social-force models [10, 11] , lattice gas (LG) models [12, 13] , and so on. These models have been successfully applied to study crowd evacuation under various situations because of their great ability in representing some key elements influencing human behaviors during evacuation process, such as the impact of the occupant density around exits [14, 15] and spatial distance on human behaviors. Flow based models are easy to construct while they lack social interaction between evacuees, human behavior in emergency conditions and hazards representation [4] . CA models are very flexible and effective in simulating evacuation process under complex environment while in contrast with multi-agent system, they have more primitive agents that are arranged on a rigid grid and interacting with each other by very simple rules. LG models present a special case of cellular automata modes that utilize biased random rules to simulate counter flow in channels, or to evaluate the impact of building parameters to the evacuation efficiency. Agent-based or multi-agent-based models can represent various types of agents with different attributes and their interactions are more complex [8] , and the disadvantages of them are generally more computationally expensive than cellular automata. Social force models are a kind of continuous model applying Newton's second law to simulate pedestrian evacuation and are good at modeling interactions among pedestrians, but have low computational efficiency in simulating evacuation in complex buildings [6] . This paper focuses on organized evacuation planning requiring a comprehensive and effective escape plan for particular evacuation objectives according to different escape environments. Generally, these objectives include reducing traffic conflicts and minimizing the whole clearance time of all evacuees or the evacuation time of each evacuee. Network flow models, such as maximum-flow models and minimum-cost flow models [3, [16] [17] [18] , are the most widely used in optimizing the flow of evacuees, but they target the whole network and attempt to organize the origin, destination, and routes of evacuation flow at a mesoscopic level. The integer programming or linear programming method [16, 19] , as an exact algorithm, is applicable to small-scale problems and usually requires additional parameters (e.g., lower or upper bounds, etc.) that are generally difficult to estimate in advance. For large-scale evacuations, heuristic methods and scheduling algorithms are often adopted. The former, such as evolutionary algorithms [20] and ant colony optimization [21] [22] [23] , are limited in terms of the quality of solutions and computing time. The latter are generally exact methods and are used to integrate the objectives and the constraints into the design of algorithms [2, [24] [25] [26] .
In the process of evacuation, if there is congestion, it will inevitably lead to the decrease of escape efficiency and even trample accident. In order to avoid congestion, waiting is necessary [27] . There are two ways of waiting in the strategies of scheduling algorithms. One is waiting at the starting point and the other is waiting on the way. Li et al. proposed an innovative method to make a staged-evacuation plan for emergency situations, but it is only applied to the network with a single safe exit and it is assumed that the speed of evacuees is constant and equal [25] . Later, they extended the staged-evacuation plan method from two aspects. One is to make it apply to multi-exit evacuation based on the time-extended network model by balancing traffic loads to different exits [26] . The other is to make it fit multi-speed evacuations with a single exit [2] . Although these algorithms get excellent results, iterative computation of the time-extended network results in their low efficiency.
It should be noted that another research direction closely related to indoor emergency evacuation is to dynamically plan an indoor evacuation path based on the real-time perceived situation information about the spread of a disaster [28] [29] [30] [31] . However, so far, the research results in this direction are more applicable to the situation without indoor congestion. Additionally, the acquisition technology of real-time disaster environmental information in the case of fire has made great progress, but remains a challenging work. Encouragingly, the arrival of smart city offers real-time access to indoor evacuation information such as the distribution of evacuees and the development of an indoor disaster, which provides a data base for the real-time design of an evacuation scheme. This is one of the reasons why we pay attention to the efficiency of the algorithm.
Problem Description
Once an emergency occurs in a building with multiple exits, evacuees would choose the nearest exit to escape if there are a few occupants in the building. However, if there are more occupants, due to the limitation of the capacity of the escape path, it is prone for evacuees to congest at the corners or intersections of the path or safety exits, which reduces their escape speed, prolongs the overall evacuation time, and increases the probability of risk for them [25] . Therefore, the problem of indoor emergency evacuation studied in this paper is how to let all evacuees escape from the dangerous buildings with multiple safe exits in the shortest time when the capacity of indoor route is limited and congestion may occur during evacuation. Figure 1 shows the abstract representation of the studied evacuation problem. There are three safety exits namely E1, E2 and E3 in the indoor route network whose edges contain both path cost and capacity. Ai represents the room node. In this paper, it is assumed that the capacities of all locations in the route network are equal. ISPRS Int. J. Geo-Inf. 2020, 9, 
Methodology
The purpose of emergency evacuation planning is to allocate a departure time and an escape path for each evacuee to ensure that all indoor occupants can safely and orderly escape to the safe area in the shortest time. When the number of evacuees is large, it is usually more effective to group them by the spatial proximity of their positions and then evacuate them in groups. A key issue during this procedure is congestion. To avoid the problem, two strategies are often adopted in case of emergency [25] . One such strategy is staged evacuation, and the other is simultaneous evacuation. However, in the second case, it is hard for subsequent groups to wait to escape until all prior groups have fully passed. Someone would likely abandon waiting at the congestion and escape blindly, which increases the degree of congestion and the total escape time. Therefore, we choose the former for emergency escape planning.
For an uncrowded multi-exit building, each safety exit has its corresponding service zone where evacuees can flee to the safety exit by their shortest paths [32] . When an emergency occurs, indoor occupants can escape from the exit of the evacuation zone where they are located. Therefore, the emergency evacuation planning for a multi-exit indoor emergency can be easily transformed into that for a single-exit indoor emergency according to the service zones of building exits ( Figure 2 ). However, it must be noted that the goal of evacuation planning is to ensure the shortest overall evacuation time for all evacuees, rather than the shortest escape time for a single person. When the density of indoor occupants is very large or the distribution of them is non-uniform, the two factors should be taken into account when zoning. Only in this way can the number of evacuees in each evacuation zone be approximately equal, thereby making full use of all safety exits and getting the minimum of the total evacuation time. 
For an uncrowded multi-exit building, each safety exit has its corresponding service zone where evacuees can flee to the safety exit by their shortest paths [32] . When an emergency occurs, indoor occupants can escape from the exit of the evacuation zone where they are located. Therefore, the emergency evacuation planning for a multi-exit indoor emergency can be easily transformed into that for a single-exit indoor emergency according to the service zones of building exits ( Figure 2 ). However, it must be noted that the goal of evacuation planning is to ensure the shortest overall evacuation time for all evacuees, rather than the shortest escape time for a single person. When the density of indoor occupants is very large or the distribution of them is non-uniform, the two factors should be taken into account when zoning. Only in this way can the number of evacuees in each evacuation zone be approximately equal, thereby making full use of all safety exits and getting the minimum of the total evacuation time.
Our proposed approach is mainly inspired by that in [25] which is only suitable for the single-exit problem. But our approach can solve the multi-exit problem well, especially with crowded evacuees. Its key issues include how to transform the multi-exit problem into the single-exit problem to make the total evacuation time minimum and how to improve the approach in [25] to get higher efficiency. Firstly, evacuees are grouped by their location proximity, then all groups are approximately equally classified into several evacuation zones by the improved Dijkstra algorithm according to the load of each exit. Secondly, all evacuation groups in the same zone are sorted by their shortest path length, then the time window of each evacuation group occupying the safe exit is calculated in turn. In the case of congestion at the safe exit, the departure time of each evacuation group is delayed in its arrival order.
However, it must be noted that the goal of evacuation planning is to ensure the shortest overall evacuation time for all evacuees, rather than the shortest escape time for a single person. When the density of indoor occupants is very large or the distribution of them is non-uniform, the two factors should be taken into account when zoning. Only in this way can the number of evacuees in each evacuation zone be approximately equal, thereby making full use of all safety exits and getting the minimum of the total evacuation time. 
Staged Evacuation for Single-Exit Network
In the case of congestion, the evacuation process involves many factors, such as the weight and capacity of route network, the total number and total evacuation time of evacuees, the time when an evacuation order is issued, the waiting time, departure time and escape speed of each evacuee, etc. To describe and analyze the evacuation conveniently in theory, related variables are defined below.
n: the number of evacuation groups. t 0 : the earliest departure instant, that is, the time when an evacuation order is issued. t i p : the time consumed by the escape group i from the origin to the safety exit E along the escape path. t i e : the time consumed by the queue of group i to completely pass through a point such as E on the route network. t i d : the delay of the departure time of the escape group i. t i l : the time interval between the group i and its prior group along the route. V: the escape speed of escape groups. T: the total evacuation time of all escape groups that is the time from t 0 to the instant when the last evacuation group has passed through the emergency exit.
It is assumed that the escape speed V of each group is the same and the evacuation network has only one safety exit. At the same time, the staged evacuation process has four assumptions:
1.
Each edge of the evacuation network has the same capacity, and when a node of the network is occupied by a group, other escape groups cannot pass through the node.
2.
The delay time between two adjacent groups is to ensure that their time windows don't overlap or separate.
3.
During the staged escape procedure, each group escapes along the shortest path to the exit.
4.
The evacuation network is an undirected graph in which it will take the same cost to go or come along the same edge.
In the process of staged evacuation, each group arrives at the safety exit along their shortest path without any congestion. Then each group successively passes through the exit to complete the evacuation [25] . Accordingly, the total evacuation time of each group may be divided into three parts that include t i e , t i l and t i p . The total evacuation time T is equal to the time when the safety exit is occupied in the whole evacuation process, therefore T can be expressed as follows:
In the staged evacuation planning, the first key work is to determine the evacuation order of each evacuation group. We deeply analyzed the operation of the staged evacuation process and obtained Theorem 1. It is the basis of our proposed approach. Theorem 1. In order to obtain the shortest total evacuation time, all escape groups should escape in stages according to their distance from the emergency exit. The group near the exit has priority to depart and that far from the exit will be delayed if there are conflicts between their time windows.
Proof of Theorem 1. Assuming that group Gi and group Gi + 1 need to be evacuated and only one of them is allowed to pass in the process of evacuation for the limits of path and node capacity. That is, when one group is passing through exit E, other groups can't pass through it. Then, several situations may occur at exit E (or path intersection) when the two groups are evacuated. Situation 1. The two groups depart at the same time and arrive at the emergency exit successively without congestion.
As shown in Figure 3 , assuming that Gi arrives at the emergency exit E before Gi + 1, the condition for no congestion at the exit is as follows:
At this time, Gi + 1 need not delay its departure time, t i+1 d = 0. Their total evacuation time passing through the exit E successively can be expressed as follows:
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At this time, Gi + 1 need not delay its departure time, +1 = 0. Their total evacuation time passing through the exit E successively can be expressed as follows: Situation 2. Two groups depart at the same time and arrive at the exit at the same time, causing congestion Group Gi and group Gi + 1 reach the emergency exit at the same time, namely = +1 , as shown in Figure 4 . In order to avoid the congestion of Gi and Gi + 1 at the emergency exit, one of them can start to escape immediately while the other must delay its departure time and wait at origin. To find the shortest total evacuation time, the delay time should ensure that the two groups pass through the emergency exit successively, and at the same time there is no time interval when they pass through the exit. There are two evacuation solutions to be discussed: 1. In case of emergency, Gi departs immediately and Gi + 1 delays its departure time. For +1 = 0, their total evacuation time is as follows
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because = +1 , any of them can be delayed reasonably to avoid congestion when they arrive at the exit at the same time.
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Gi Gi+1 E Figure 3 . Two groups arrive at the exit successively without congestion. Situation 2. Two groups depart at the same time and arrive at the exit at the same time, causing congestion Group Gi and group Gi + 1 reach the emergency exit at the same time, namely t i p = t i+1 p , as shown in Figure 4 . In order to avoid the congestion of Gi and Gi + 1 at the emergency exit, one of them can start to escape immediately while the other must delay its departure time and wait at origin. To find the shortest total evacuation time, the delay time should ensure that the two groups pass through the emergency exit successively, and at the same time there is no time interval when they pass through the exit. There are two evacuation solutions to be discussed:
1.
In case of emergency, Gi departs immediately and Gi + 1 delays its departure time. For t i+1 l = 0, their total evacuation time is as follows
2.
In case of emergency, Gi + 1 departs immediately and Gi delays its departure time. For t i l = 0, their total evacuation time is as follows:
because t i p = t i+1 p , any of them can be delayed reasonably to avoid congestion when they arrive at the exit at the same time.
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Gi Gi+1 E Figure 4 . Two groups arrive at the emergency exit at the same time.
Situation 3. Two groups set out at the same time and arrive at the exit successively, causing congestion.
Assuming that Gi reaches E before Gi + 1, and Gi + 1 reaches E when Gi does not pass through the exit completely, as shown in Figure 5 , the conditions for congestion of the two groups are < Situation 3. Two groups set out at the same time and arrive at the exit successively, causing congestion.
Assuming that Gi reaches E before Gi + 1, and Gi + 1 reaches E when Gi does not pass through the exit completely, as shown in Figure 5 , the conditions for congestion of the two groups are t i p < t i+1 p and t i p + t i e > t i+1 p . To find the shortest total evacuation time, the delay time should ensure that the two groups pass through the emergency exit successively, and at the same time there is no time interval when they pass through the exit. There are two evacuation solutions to be discussed:
1.
In case of emergency, Gi + 1 departs immediately and Gi delays its departure time. For t i+1 l = 0, their total evacuation time is as follows:
because t i p < t i+1 p , Ta < Tb. Therefore, when two evacuation groups are congested, the group close to the emergency exit E should first start to escape. ISPRS Int. J. Geo-Inf. 2020, 9, x FOR PEER REVIEW 7 of 24 +1 and + > +1 . To find the shortest total evacuation time, the delay time should ensure that the two groups pass through the emergency exit successively, and at the same time there is no time interval when they pass through the exit. There are two evacuation solutions to be discussed: 1. In case of emergency, Gi departs immediately and Gi + 1 delays its departure time. For +1 = 0, their total evacuation time is as follows
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Gi Gi+1 Figure 5 . The two groups arrived at the intersection successively, causing congestion.
In conclusion, in order to minimize the total evacuation time, that is, to ensure the full use of the emergency exit, the group close to the emergency exit should give priority to escape. □ In the staged evacuation planning, the second key work is to calculate the delayed departure time of each evacuation group. Li et al. used the time extended network to calculate the delay time of each group [25] . The method first calculates the time window of each node on the evacuation path occupied by each escape group, and then calculates the latency of each group's departure time by the arrival sequence and the overlay of these time windows. The iterative process leads to redundant calculations in the algorithm, which results in its low efficiency. To avoid the problem, we comprehensively analyzed the operation of the staged evacuation process, and found Theorem 2 that simplifies the calculation process of the staged evacuation planning. Theorem 2. When evacuation groups are congested, the result of calculating their delayed departure times at the congested node is the same as that at the emergency exit.
Proof of Theorem 2. According to Assumptions 3 and 4, in the evacuation network, the shortest paths from the exit to other nodes are equivalent to the shortest paths from other nodes to the exit. Therefore, the shortest paths of all groups can be obtained through Dijkstra algorithm to calculate the shortest paths from the exit to the nodes where each group is located. According to the operation principle of Dijkstra algorithm, the shortest path from the exit to each node will be obtained in the order of the shortest path length from small to large, so as to form the shortest path tree. Figure 6a is In conclusion, in order to minimize the total evacuation time, that is, to ensure the full use of the emergency exit, the group close to the emergency exit should give priority to escape.
In the staged evacuation planning, the second key work is to calculate the delayed departure time of each evacuation group. Li et al. used the time extended network to calculate the delay time of each group [25] . The method first calculates the time window of each node on the evacuation path occupied by each escape group, and then calculates the latency of each group's departure time by the arrival sequence and the overlay of these time windows. The iterative process leads to redundant calculations in the algorithm, which results in its low efficiency. To avoid the problem, we comprehensively analyzed the operation of the staged evacuation process, and found Theorem 2 that simplifies the calculation process of the staged evacuation planning. Theorem 2. When evacuation groups are congested, the result of calculating their delayed departure times at the congested node is the same as that at the emergency exit.
Proof of Theorem 2. According to Assumptions 3 and 4, in the evacuation network, the shortest paths from the exit to other nodes are equivalent to the shortest paths from other nodes to the exit. Therefore, the shortest paths of all groups can be obtained through Dijkstra algorithm to calculate the shortest paths from the exit to the nodes where each group is located. According to the operation principle of Dijkstra algorithm, the shortest path from the exit to each node will be obtained in the order of the shortest path length from small to large, so as to form the shortest path tree. Figure 6a is an indoor evacuation network. Ri represents a room and E0 represents an exit. When Dijkstra algorithm is called, it will find in turn the shortest paths (
) from E0 to R6, R8, R5, R2, R3, R1, R7 and R4 respectively. The route length of these paths will increase in turn, which are 6, 9, 13, 14, 15, 16, 21, 26. These paths compose a shortest path tree with E0 as the root node. The tree is shown in Figure 6b , where the number marked on each node represents the order of obtaining its shortest path when running Dijkstra algorithm. When the shortest path from E0 to each room node is calculated, the shortest path from each room to E0 can be obtained by flipping the path direction. Figure 6c illustrates the two shortest paths. One is the path from R1 to the emergency exit E0 and the other is that from R2 to E0. They meet each other at node R6 and overlap from R6 to E0. We can see from the execution process of Dijkstra algorithm that the shortest path of any node whose shortest path isn't determined will be obtained by the determined shortest paths. Therefore, once the evacuation paths of any two evacuation groups has an intersection, the two paths will be completely overlapped from the intersection to the exit, as shown in Figure 6c . In the process of evacuation, because the two groups have the same escape speed, their travel time after passing the intersection (that is, from the intersection to the emergency exit) is also equal. As a result, it is equivalent to calculate the delay time at the exit or intersection when the two groups are congested at the intersection. Assume that the evacuation speed = 1, G1 represents the evacuation group starting from R1, 1 = 3; G2 represents the evacuation group starting from R2, 2 = 5; 1 is the evacuation time of G1 from R1 to R6; 2 is the evacuation time of G2 from R2 to R6; 1 is the evacuation time of G1 from R1 to E0; 2 is the evacuation time of G2 from R2 to E0. Then, the delay time of G1 at the intersection = 2 + 2 − 1 , and the delay time of G1 at the exit
Proposed Algorithm for Multi-Exit Network
Based on the discussion above, we propose a partitioned and staged evacuation planning (PSEP) algorithm applied to multi-exit buildings. It should be noted about the algorithm that: a) evacuation planning is processed in groups to reduce the complexity of processing; b) for all groups in each evacuation zone, the staged evacuation is implemented; c) in order to minimize the total evacuation time, any two congested groups must successively pass through the emergency exit when delaying their departure time in each zone.
Algorithm Description
The whole algorithm is divided into two procedures. The first procedure will allocate an optimal exit to each evacuation group (all evacuation groups passing through the same exit belong to the same evacuation zone), and the second will compute the departure time of each evacuation group in the same zone. Their pseudo code is as follows. We can see from the execution process of Dijkstra algorithm that the shortest path of any node whose shortest path isn't determined will be obtained by the determined shortest paths. Therefore, once the evacuation paths of any two evacuation groups has an intersection, the two paths will be completely overlapped from the intersection to the exit, as shown in Figure 6c . In the process of evacuation, because the two groups have the same escape speed, their travel time after passing the intersection (that is, from the intersection to the emergency exit) is also equal. As a result, it is equivalent to calculate the delay time at the exit or intersection when the two groups are congested at the intersection. Assume that the evacuation speed V = 1, G1 represents the evacuation group starting from R1, t 1 e = 3; G2 represents the evacuation group starting from R2, t 2 e = 5; t 1 pi is the evacuation time of G1 from R1 to R6; t 2 pi is the evacuation time of G2 from R2 to R6; t 1 pe is the evacuation time of G1 from R1 to E0; t 2 pe is the evacuation time of G2 from R2 to E0. Then, the delay time of G1 at the intersection ti = t 2 pi + t 2 e − t 1 pi , and the delay time of G1 at the exit
Proposed Algorithm for Multi-Exit Network
Algorithm Description
The whole algorithm is divided into two procedures. The first procedure will allocate an optimal exit to each evacuation group (all evacuation groups passing through the same exit belong to the same evacuation zone), and the second will compute the departure time of each evacuation group in the same zone. Their pseudo code is as follows.
Input: indoor road network model, exits, escape speed (V), group size (uniform or random) and the number of groups (n).
Output: Total evacuation time (T), the departure time (t i d ) and the evacuation path for each group. Notes about Procedure 1: Line 5 adds all evacuation groups in the network into an array N. Line 6 adds all exits in the network into an array E. Line 7 initializes the number of evacuees evacuated by each exit to 0. While N is not empty, namely there are any evacuation groups in N that aren't allocated to any exits, Lines 9 to14 compare the number of evacuees passing through each exit to find the exit minE with the fewest evacuees. Lines 15 to 16 take minE as the starting point, run Dijkstra algorithm to expand a new shortest path. The group located at the end node of the new path is minG. Then let minG evacuate through minE. Next, update the number of evacuees passing through minE (Line 19) and remove minG from N (Line 20). Thus, an evacuation group is allocated to one exit by one loop. When all evacuation groups are allocated to an exit (that is, until N is empty), the loop ends.
Procedure 1 (Allocate an optimal exit to each evacuation group):
1 Integer ne //ne represents the number of exits in the network. 2
Array N[n] //N is used to store all evacuation groups. 3
Array E[ne] //E is used to store all safety exits. 4
Array G[ne] //G is used to store the current number of evacuees at each exit. 5
Add all evacuation groups into N 6
Add all evacuation exits into E 7
Initialize all elements of G to 0 8
While N is not empty do 9
Let minE = 1 //minE is a variable used to record the index of the exit with the minimum evacuees. 10
For e = 2 to ne //e is a local loop variable 11
If Update the number of evacuees passing through minE 20
Remove minG from N 21
End while
In brief, during the implementation of Procedure 1, there is a Dijkstra algorithm at each exit, but only the Dijkstra algorithm on the exit with the least number of evacuees runs at each time, and the Dijkstra algorithm only expands one shortest path at a time (that is, to find an evacuation group). Then the number of evacuees allocated to each evacuation exit is compared with each other to determine which exit to run Dijkstra algorithm until all evacuation groups are allocated.
Notes about Procedure 2: Lines 3 adds all evacuation groups in the network into an array N with the array length of n. Line 4 sorts all evacuation groups in N according to their shortest route length. Then an outer loop (Line 5) is used to process each zone, namely, each exit. There are two inner loops in the outer loop. The first inner loop (Lines 6 to 10) is used to extract all each evacuation groups passing through the same exit from N, then adds them into M by order. Line 11 makes group 1 in M depart immediately once an emergency occurs, and a = 1, where a is the evacuation sequence number of the first group in each evacuation combination that successively passes through the emergency exit. Then the second inner loop (Lines 12 to 17) is executed to compute the departure time of Gi in M, where i is from 2 to m that is the number of groups in the same zone. The departure time of Gi is calculated as follows: t i d = t a p + t a e + . . . + t i−1 e − t i p . If t i d > 0, the delayed time of Gi is t i d . Otherwise, Gi evacuates immediately without any delay once an emergency occurs, and let a = i. Execute the inner loop until all evacuation groups in M get their departure time, then return to Line 5. When the outer loop finishes and the procedure ends.
Procedure 2 (Calculate the departure time of each group in each zone):
1 Array N[n] //N is used to store all evacuation groups 2
Array M[n] //M is used to record the groups assigned to the same exit 3
Add all evacuation groups into N 4
Sort N By their route length 5
For e = 1 to ne //to process each zone by the loop 6
For j = 1 to n //find all groups that passes through Exit E[e] by the loop 7
If N[j] passes through E[e] then 8
Add
End if 10
End for 11
Let t 1 d = 0, a = 1 12
For i = 2 to m //to compute the departure time of all groups passing through Exit E[e] by the loop 13
End if 17
End for 18
End for
Time Complexity Analysis
In Procedure 1, the while loop runs n times, and the for loop runs ne times. In addition, when running Dijkstra algorithm to expand each node, the path length of all nodes in the network needs to compare n times. So, the time complexity of Procedure 1 is O(n(n + ne)). For ne n, the final time complexity is O n 2 .
In Procedure 2, the outer for loop runs ne times, the first inner for loop runs n times, the second for loop runs m times. So, the time complexity of Procedure 2 is O(ne(n + m)). For m ≤ n, the final time complexity is O(n * ne). Of course, this process also includes a sorting process with the time complexity O n 2 or O n log 2 n .
Once the PSEP algorithm completes partition, each zone is equivalent to a single-exit evacuation network. For a zone, the time complexity of calculating the departure time of each evacuation group is O(m), while the time complexity of completing the calculation by the algorithm in [25] 
where m is the number of groups in the zone, k is the number of arcs of all evacuation path and k is the arithmetic mean of k.
Case Study
To verify the validity and efficiency of the PSEP algorithm, we conducted two tests. One was used to verify the correctness and efficiency of the algorithm for the single-exit evacuation; the other to discuss the rationality of the partition method of the PSEP algorithm and to compare its performance with an existing algorithm. Since the PSEP algorithm is based on the single-exit evacuation algorithm, both tests are valuable to illustrate the advantages of the PSEP algorithm. Test data is the three-dimensional path network of the teaching building J6 of Shandong University of Science and Technology (SDUST), as shown in Figure 7 , where each vertex (i.e., node) in the network represents an escape group and each edge (i.e., arc) represents a segment of indoor path. The network model consists of five layers, 818 nodes and 853 edges. On the first floor, there are three safety exits: E1, E2 and E3). During the tests, nodes in the route network are randomly selected as the starting nodes in order to simulate the evacuation environment in reality. All involved algorithms were developed in C-Sharp and run on the portable notebook whose configuration were as follows: CPU i7-6500u, main frequency 2.5 GHz, running memory 12 G and the solid-state disk with capacity of 256 G.
Tests Based on Single-Exit Network
The PSEP algorithm is mainly inspired by the algorithm of [25] . We firstly compare and discuss their efficiency and results. Additionally, the algorithm of [25] is only suitable for the single-exit network, so we choose a part of the teaching building J6 (i.e., an evacuation zone with one safety exit) as the test zone to test the influence of the number of escape groups, the size of groups, the escape speed and other factors on the total evacuation time, as well as the efficiency of the two algorithms. The test network includes only one exit E1, 210 edges and 210 vertices. When the PSEP algorithm is applied to the single-exit network, the first procedure of the algorithm is omitted for the network has only one exit.
Influence of the Number of Groups on Total Evacuation Time
The size of all groups is 15 m, the escape speed is fixed as 3 m/s, and the number of evacuation groups is set to 90, 130, 170, 210 respectively. The test results are shown in Figure 8 . All involved algorithms were developed in C-Sharp and run on the portable notebook whose configuration were as follows: CPU i7-6500u, main frequency 2.5 GHz, running memory 12 G and the solid-state disk with capacity of 256 G.
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Influence of the Number of Groups on Total Evacuation Time
The size of all groups is 15 m, the escape speed is fixed as 3 m/s, and the number of evacuation groups is set to 90, 130, 170, 210 respectively. The test results are shown in Figure 8 . Figure 8 shows that when the group size and the escape speed of each evacuation group are fixed, their total evacuation times increase linearly with the number of evacuation groups for both algorithms. At the same time, the total evacuation times of the two algorithms are equal.
Influence of Evacuation Speed on Total Evacuation Time
The number of evacuation groups is 210, the group size is 15 m, and the escape speed is set to 2, 3, 4, and 5 m/s respectively. The test results are shown in Figure 9 .
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The number of evacuation groups is 210, the group size is 15 m, and the escape speed is set to 2, 3, 4, and 5 m/s respectively. The test results are shown in Figure 9 . Figure 9 illustrates that when the number of evacuation groups and the group size are fixed, the total evacuation times of the two algorithms decrease with the increase of the escape speed.
Influence of Group Size on Total Evacuation Time
The number of evacuation groups is 210, the escape speed is 3 m/s, and the group size is set to 6, 15, 24, and 33 m. The test results are shown in Figure 10 . Figure 9 illustrates that when the number of evacuation groups and the group size are fixed, the total evacuation times of the two algorithms decrease with the increase of the escape speed.
The number of evacuation groups is 210, the escape speed is 3 m/s, and the group size is set to 6, 15, 24, and 33 m. The test results are shown in Figure 10 . Figure 8 shows that when the group size and the escape speed of each evacuation group are fixed, their total evacuation times increase linearly with the number of evacuation groups for both algorithms. At the same time, the total evacuation times of the two algorithms are equal.
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Influence of Group Size on Total Evacuation Time
The number of evacuation groups is 210, the escape speed is 3 m/s, and the group size is set to 6, 15, 24, and 33 m. The test results are shown in Figure 10 . Figure 10 illustrates that when the number of evacuation groups and the escape speed are fixed, their total evacuation times increase linearly with the increase of the group size for both algorithms.
Comparison of Operating Efficiency
The group size is 15 m, the escape speed is 3 m/s, and the number of evacuation groups is set to 120, 280, 440, 600, 760, 920 and 1080 respectively. The test statistics are shown in Table 1 . Td represents the time consumed by the algorithm of [25] and Tp represents that by the PSEP algorithm. Figure 11a shows the curves of the time consumed by the two algorithms, from which we can see that their time consumption is increasing with the increase of the number of evacuation groups, but the time consumed by the PSEP algorithm is significantly less than that by the algorithm of [25] . Figure 11b indicates the ratio curve of the time consumed by the two algorithms, from which we can see that the more evacuation groups there are, the more obvious the efficiency advantage of the PSEP algorithm over the algorithm of [25] is. When the number of groups is 1080, Td/Tp reaches 41465. Figure 10 illustrates that when the number of evacuation groups and the escape speed are fixed, their total evacuation times increase linearly with the increase of the group size for both algorithms.
The group size is 15 m, the escape speed is 3 m/s, and the number of evacuation groups is set to 120, 280, 440, 600, 760, 920 and 1080 respectively. The test statistics are shown in Table 1 . Td represents the time consumed by the algorithm of [25] and Tp represents that by the PSEP algorithm. Figure 11a shows the curves of the time consumed by the two algorithms, from which we can see that their time consumption is increasing with the increase of the number of evacuation groups, but the time consumed by the PSEP algorithm is significantly less than that by the algorithm of [25] . Figure 11b indicates the ratio curve of the time consumed by the two algorithms, from which we can see that the more evacuation groups there are, the more obvious the efficiency advantage of the PSEP algorithm over the algorithm of [25] is. When the number of groups is 1080, Td/Tp reaches 41465. It can be seen from the first three tests that the total evacuation time of the two algorithms is the same regardless of the evacuation condition, which proves the correctness of the proposed algorithm. Test 4 illustrates that the PSEP algorithm is much more efficient than the algorithm of [25] . The reason is that there are a lot of repeated calculations in the algorithm of [25] . Every time the departure time of an evacuation group is determined, it is necessary for each evacuation group whose departure time has not been determined to recalculate its time windows at all nodes on its evacuation path, while the PSEP algorithm only needs to calculate the time window of each group occupying the exit to determine the departure time of all escape groups. In addition, the tests above also prove the correctness of Theorems 1 and 2.
Tests Based on Multi-Exit Network
According to the principle of the PSEP algorithm, the partition method and the density of indoor evacuees are two important factors that affect the overall evacuation time. Therefore, we tested their influence on evacuation efficiency. Furthermore, the relation between the evacuation path length and It can be seen from the first three tests that the total evacuation time of the two algorithms is the same regardless of the evacuation condition, which proves the correctness of the proposed algorithm. Test 4 illustrates that the PSEP algorithm is much more efficient than the algorithm of [25] . The reason is that there are a lot of repeated calculations in the algorithm of [25] . Every time the departure time of an evacuation group is determined, it is necessary for each evacuation group whose departure time has not been determined to recalculate its time windows at all nodes on its evacuation path, while the PSEP algorithm only needs to calculate the time window of each group occupying the exit to determine the departure time of all escape groups. In addition, the tests above also prove the correctness of Theorems 1 and 2.
According to the principle of the PSEP algorithm, the partition method and the density of indoor evacuees are two important factors that affect the overall evacuation time. Therefore, we tested their influence on evacuation efficiency. Furthermore, the relation between the evacuation path length and delayed time of each evacuation group is tested. Its performance is also compared with that of an existing algorithm.
Influence of Partitioning Methods on Evacuation Efficiency
In theory, the partition method based on the principle of "nearest evacuation" will increase the overall evacuation time when the density of indoor evacuees is larger. In order to verify the theory, we apply the principles of "nearest evacuation" and "balanced evacuation" to the PSEP algorithm respectively to test their influence on evacuation. Figure 12a shows the partitioned indoor network only based on "nearest evacuation" that will find the nearest exit for each group, and Figure 12b shows that based on "balanced evacuation" that makes every exit have the approximately equal number of evacuees by considering both the number of evacuees and their path length. It can be seen from Figure 12 that the partition of some nodes in the route network has changed. Many nodes originally belonging to the zone E3 are assigned to E1, while the zone E1 also occupies part of the nodes in the original zone E2, and the zone E2 regains part of the nodes from the original zone E3. Furthermore, these adjusted nodes are mainly distributed in the adjacent area of the original zones. delayed time of each evacuation group is tested. Its performance is also compared with that of an existing algorithm.
In theory, the partition method based on the principle of "nearest evacuation" will increase the overall evacuation time when the density of indoor evacuees is larger. In order to verify the theory, we apply the principles of "nearest evacuation" and "balanced evacuation" to the PSEP algorithm respectively to test their influence on evacuation. Figure 12a shows the partitioned indoor network only based on "nearest evacuation" that will find the nearest exit for each group, and Figure 12b shows that based on "balanced evacuation" that makes every exit have the approximately equal number of evacuees by considering both the number of evacuees and their path length. It can be seen from Figure 12 that the partition of some nodes in the route network has changed. Many nodes originally belonging to the zone E3 are assigned to E1, while the zone E1 also occupies part of the nodes in the original zone E2, and the zone E2 regains part of the nodes from the original zone E3. Furthermore, these adjusted nodes are mainly distributed in the adjacent area of the original zones. Table 2 shows the number of evacuation groups, the number of evacuees of each evacuation zone and their total evacuation time when the PSEP algorithm adopts the two partitioning methods respectively. It can be seen from the table that the number of evacuation groups of each exit when using the principle of "nearest evacuation" is not balanced while that are balanced when using the principle of "balanced evacuation". The nearest evacuation makes exits E1 and E2 are not fully utilized, which increases the overall evacuation time by 265 seconds compared with that of the balanced evacuation. Therefore, we can conclude that the partition strategy of evacuation zones will greatly affect the evacuation efficiency of the evacuation scheme. Table 2 shows the number of evacuation groups, the number of evacuees of each evacuation zone and their total evacuation time when the PSEP algorithm adopts the two partitioning methods respectively. It can be seen from the table that the number of evacuation groups of each exit when using the principle of "nearest evacuation" is not balanced while that are balanced when using the principle of "balanced evacuation". The nearest evacuation makes exits E1 and E2 are not fully utilized, which increases the overall evacuation time by 265 seconds compared with that of the balanced evacuation. Therefore, we can conclude that the partition strategy of evacuation zones will greatly affect the evacuation efficiency of the evacuation scheme. 
Influence of Evacuation Density on Total Evacuation Time
Let the evacuation density ER = EL/NL, where EL is the total length of all evacuation groups and NL is the total length of all edges of the evacuation network. To test the influence of the evacuation density on the total evacuation time of different evacuation plans, we implemented the nearest evacuation and the balanced evacuation respectively with different evacuation densities. The total length of the evacuation route network is 5443.3 m, and the number of evacuation groups is 818. The length of all evacuation groups is set as 0.5, 1, 2, 3, 4 and 5 m respectively. The test results are shown in Table 3 , where Tn represents the total evacuation time of nearest evacuation and Tb represents that of balanced evacuation. We can see that balanced evacuation has obvious advantages over nearest evacuation when the density of evacuees is large but nearest evacuation has a shorter overall evacuation time when the density of evacuees is small. Figure 13 shows that the greater the density of evacuees, the more advantageous balanced evacuation will be. Let the evacuation density ER = EL/NL, where EL is the total length of all evacuation groups and NL is the total length of all edges of the evacuation network. To test the influence of the evacuation density on the total evacuation time of different evacuation plans, we implemented the nearest evacuation and the balanced evacuation respectively with different evacuation densities. The total length of the evacuation route network is 5443.3 m, and the number of evacuation groups is 818. The length of all evacuation groups is set as 0.5, 1, 2, 3, 4 and 5 m respectively. The test results are shown in Table 3 , where Tn represents the total evacuation time of nearest evacuation and Tb represents that of balanced evacuation. We can see that balanced evacuation has obvious advantages over nearest evacuation when the density of evacuees is large but nearest evacuation has a shorter overall evacuation time when the density of evacuees is small. Figure 13 shows that the greater the density of evacuees, the more advantageous balanced evacuation will be. 
Evacuation Process Simulation
In order to visually verify the effectiveness of our algorithm, we took the whole teaching building J6 of SDUST as the test scene to simulate the emergency evacuation process using our evacuation simulation software. In the simulation scene, color is used to identify different evacuation groups, and the length of line segment represents group size. Assuming that the start time of evacuation is t0, escape speed is 3 m/s, group size is random and the sum of evacuation groups is 818. In case of emergency, the visual simulation results of evacuation process of all groups starting to escape at the same time are shown in Figure 14 , where (a)-(d) are the distribution of all escape groups at t0 + 8 s, t0 + 16 s, t0 + 24 s, and t0 + 32 s, respectively. From Figure 14 , we can see that many colorful line segments are mixed together, which indicates that there is a large area of congestion. Obviously, 
In order to visually verify the effectiveness of our algorithm, we took the whole teaching building J6 of SDUST as the test scene to simulate the emergency evacuation process using our evacuation simulation software. In the simulation scene, color is used to identify different evacuation groups, and the length of line segment represents group size. Assuming that the start time of evacuation is t0, escape speed is 3 m/s, group size is random and the sum of evacuation groups is 818. In case of emergency, the visual simulation results of evacuation process of all groups starting to escape at the same time are shown in Figure 14 , where (a)-(d) are the distribution of all escape groups at t0 + 8 s, t0 + 16 s, t0 + 24 s, and t0 + 32 s, respectively. From Figure 14 , we can see that many colorful line segments are mixed together, which indicates that there is a large area of congestion. Obviously, serious congestion will reduce the escape speed of evacuees and ultimately lead to the extension of the total evacuation time. The PSEP algorithm adopts the partitioned and staged evacuation strategy. Once evacuation partition is completed, the evacuation process in each zone is independent of each other. The total evacuation time of all escape groups is the maximum evacuation time of each zone. Table 4 shows the relationship between the evacuation path length and the delayed departure time of some evacuation groups in the zone E1, and Figure 16 shows that of all evacuation groups in zones E1, E2, and E3 respectively. We can see that the delayed departure time of all groups in each zone increases with the increase of the evacuation path length. The PSEP algorithm adopts the partitioned and staged evacuation strategy. Once evacuation partition is completed, the evacuation process in each zone is independent of each other. The total evacuation time of all escape groups is the maximum evacuation time of each zone. Table 4 shows the relationship between the evacuation path length and the delayed departure time of some evacuation groups in the zone E1, and Figure 16 shows that of all evacuation groups in zones E1, E2, and E3 respectively. We can see that the delayed departure time of all groups in each zone increases with the increase of the evacuation path length. Table 4 shows the relationship between the length of the evacuation path and the delayed time in the case of a large density of evacuees. To get a more comprehensive picture of their relationship, we conducted the other test in the case of a low density of evacuees. Let all evacuation groups be 2 m in size and the other test conditions will remain the same. Table 5 shows the evacuation path length and the delayed departure time of the partial evacuation groups in zone E1. Figure 17 shows the relationship between the evacuation path length and the delayed departure time for all evacuation groups in zones E1, E2, and E3, respectively. Table 4 shows the relationship between the length of the evacuation path and the delayed time in the case of a large density of evacuees. To get a more comprehensive picture of their relationship, we conducted the other test in the case of a low density of evacuees. Let all evacuation groups be 2 m in size and the other test conditions will remain the same. Table 5 shows the evacuation path length and the delayed departure time of the partial evacuation groups in zone E1. Figure 17 shows the relationship between the evacuation path length and the delayed departure time for all evacuation groups in zones E1, E2, and E3, respectively. Table 4 shows the relationship between the length of the evacuation path and the delayed time in the case of a large density of evacuees. To get a more comprehensive picture of their relationship, we conducted the other test in the case of a low density of evacuees. Let all evacuation groups be 2 m in size and the other test conditions will remain the same. Table 5 shows the evacuation path length and the delayed departure time of the partial evacuation groups in zone E1. Figure 17 shows the relationship between the evacuation path length and the delayed departure time for all evacuation groups in zones E1, E2, and E3, respectively. Table 5 shows that the delayed time of the evacuation groups will not increase completely with the increase of their evacuation path length, and some of them will be exceptional. This exception occurs because of the time interval between some of the adjacent evacuation groups (Figure 3 ), which will reduce the delayed departure time of the group that arrives later. For example, if the time windows of two groups A and B occupying the same exit are [23.0, 25.0] and [29.0, 32 .0] respectively when they start to escape at the same time, they will not congest with each other. But, if the groups ahead of A makes it have to delay 5 s to depart in order to avoid congestion at the exit, the time window of the group A occupying the exit becomes [28.0, 30.0]. To avoid congestion with the group A, and the group B should be delayed by 1 second that is less than the delayed time of the group A.
Relation between Evacuation Path Length and Delayed Time
Performance Comparison
Li et al. extended their approach suitable for the single-exit evacuation to the multi-exit evacuation in [26] . Here, our algorithm is compared with that in [26] based on a testing network model consisting of 923 nodes and 1779 edges. Three of these nodes are exits. When the group size is uniform, the test results are shown in Table 6 , where Ng and Ne are the number of groups and the number of evacuees passing through each exit and Te is the evacuation time at each exit. Figure 18 shows the change of the total evacuation time and the operation time of each algorithm when the group size increases gradually. To make the test more realistic, we let the group size go to random numbers. When the group size is random, the test results are shown in Table 7 , where the value of the group size is a range, which means that the group size can take any value within this range randomly. Figure 19 shows the change of total evacuation time and the operation time of each algorithm when the group size increases gradually. To make the test more realistic, we let the group size go to random numbers. When the group size is random, the test results are shown in Table 7 , where the value of the group size is a range, which means that the group size can take any value within this range randomly. Figure 19 shows the change of total evacuation time and the operation time of each algorithm when the group size increases gradually. ISPRS Int. J. Geo-Inf. 2020, 9, As shown in Tables 6 and 7 and Figures 18 and 19 , our algorithm and that of [26] are very close in the overall evacuation time, but the planning efficiency of our algorithm is much higher than that of [26] . For applications that require rapid or real-time evacuation planning, our algorithm has obvious advantages.
Conclusions
For indoor emergency evacuation with a large number of evacuees, a partitioned and staged evacuation planning algorithm considering indoor congestion is proposed. According to the idea of "balanced evacuation", the algorithm coordinates the number of evacuees at different exits by the improved Dijkstra algorithm, which partitions the whole evacuation area and turns the multi-exit evacuation into the single-exit evacuation, thus simplifying the complexity of problem processing. As shown in Tables 6 and 7 and Figures 18 and 19 , our algorithm and that of [26] are very close in the overall evacuation time, but the planning efficiency of our algorithm is much higher than that of [26] . For applications that require rapid or real-time evacuation planning, our algorithm has obvious advantages. 
For indoor emergency evacuation with a large number of evacuees, a partitioned and staged evacuation planning algorithm considering indoor congestion is proposed. According to the idea of "balanced evacuation", the algorithm coordinates the number of evacuees at different exits by the improved Dijkstra algorithm, which partitions the whole evacuation area and turns the multi-exit evacuation into the single-exit evacuation, thus simplifying the complexity of problem processing. For the single-exit evacuation, the proposed algorithm only needs to consider the time conflict between the time windows of all evacuation groups at exits, then it can calculate the departure time of each group. Compared with the traditional algorithm that considers the conflict between the time windows of all evacuation groups at every node of the evacuation paths to calculate the departure time of each group, it reduces the calculation at redundant path nodes and greatly improves the efficiency of emergency evacuation planning. In practice, the PSEP algorithm in this paper provides not only the best evacuation path but also the optimal departure time for each group to ensure that all groups will not be congested during evacuation, which has a strong operability. The smart city makes it possible to access indoor evacuation information in real time such as the distribution of evacuees and the development of an indoor disaster, which provides a data base for the real-time design of an evacuation scheme. The design requires high efficiency of planning algorithms. Our algorithm is simple and has great advantages in operating efficiency, which will meet the development and demand for intelligent emergency evacuation systems and emergency command.
Although the PSEP algorithm achieves better results in the case of crowded indoor occupants by transforming the multi-exit indoor evacuation problem into the single-exit indoor evacuation problem based on the "balanced evacuation" principle, it is still an approximate optimal result due to the lack of rigorous mathematical reasoning and proofs. Meanwhile, the partition strategy may not obtain the global optimal solution when the indoor occupants are sparse. Therefore, we will consider the influence of the density and distribution of evacuees on the total evacuation time and the connection among all exits in the future to optimize the total evacuation time further. In addition, when an emergency occurs, let the groups that may be congested wait in the original place, which is not applicable to the occurrence of local disasters such as indoor fire. It should be considered to set up an indoor disaster risk area, evacuate the evacuees in the risk area to the safety area first, and then evacuate them to the safety exit. We will attempt to resolve this in a further study. 
